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I, Roger E. Welser, Ph.D. of Providence, RI declare as follows: 



1 , I am a co-inventor of the subject patent application, US Patent Application No. 
1 0/824,697 entitled "Bipolar Transistor with Lattice Matched Base Layer." 



2. I have read U.S. Patent Application No. 10/824,697 and the Office Action mailed March 
29, 2006. I understand the application, the pending Office Action and the issues relating 
to patentability presented by the Examiner in the Office Action for the invention claimed 
in the patent application. 



10/824,697 



3. I have read and understand, U.S. 6,765,242 Bl to Chang, et al (hereinafter "Chang, et 
al) which was filed April 11, 2000 and patented July 20, 2004. 

4. I hereby state that the invention described and claimed in the above-referenced 
application was reduced to practice prior to April 1 1, 2000, die filing date of Chang, et al 
The reduction to practice prior to April 1 1 , 2000 is evidenced by the attached Exhibits A 
andB. 

A. Exhibit A is a redacted copy of a Phase I Report, prepared prior to April 1 1 , 2000, 
for die Small Business Technology Transfer (STTR) Program. As described in 



the Abstract on page 1 , a process for growing heavily doped p-type GalnAsN was 
developed during the Phase I effort. For example, incorporation greater than 1E19 
cm'^ levels of carbon (C) and incorporation of nitrogen (N) in GalnAs materials 



paragraph on page 9 (2E19 cm'^ of C and lEl 8 cm'^ of N) and Figure 6 on page 
10; pages 13 through 16 (8,4E18 cm'^ of N and 3.5 - 6.9 E19 cm'' of C), Also, as 
described, for example, in the Abstract on page 1, InGaP/GalnAsN heterojunction 
transistors (HBTs) with a base sheet resistance of 279 ohms/square and peak dc 
current gain greater than 30 were achieved during the Phase I effort, and such 
HBTs exhibited over rni 1 1 meV reduction in turn-on voltage. 

B. Exhibit B is a redacted copy of a Phase n proposal, prepared prior to April 1 1, 
2000, laying out research proposals for improving the invention described in 
Exhibit A, for example, by improving the process for growing heavily doped p- 
type GalnAsN and by improving device performance in GalnAsN-based HBTs, 
Throughout the document. Exhibit B confirms the results achieved during the 
Phase I effort, e.g., growth of a heavily doped p-type GalnAsN as described in 
Section 4, A, above. 



were achieved, as shown in Figure 3 on page 7 (2.5E19 cm"^ of C);r* full 
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5. I further declare that all statements made herein of my o>vn knowledge are true and that 
all statements made on information or belief are believed to be true; and furdier that these 
statements are made with the knowledge that willful false statements and the like so made 
are punishable by fine or imprisonment, or both, under § 1001 of Title 18 of the United 
States Code, and that such willful false statements, if made, may jeopardize the validity of 
the application or any patent issuing thereon. 




Roger E. Welser, Ph.D, 
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Low- Voltage GaAs-Based HBTs: Phase I Final Report 



Motivation arid dbjectiy 

The -mcreasiiig trend to 

a great interest in material 'systeihs enabling HBTs .with low tiuTi-onivolt^ power added 

efficienc}^;Mgh lineari^^ andMgh butp^ Although InP^asediHBTs offerjow turn-on 

voltages with resipectahle^ the process :and growth itechndlogy;needs. 

sirf>stanti|r:^6j3c The:<^cul1y 

matehfed-to InP and' the uii^ailahiiity ;0f large area subsWe^ for m also limit the 

potential of IhP-based HBT^^ laboratory levels SiGe-^^^ demonstrated 

reasonable 

Ic^g-terrft relisfeili^^ anl'vcdume maiBXifkitura^^ iieed :tp *e proven; ;T]ie pofenlial pay off 
fee tee^ voltages. 

The ttiripL-ori^o^ ;fiindamenta% of the base layer 

(Bgi^y In fee^sence bf series i^sistaiide and;Coiydu^^ sj^ilce^eSects, ilie base^einitt 

vdtage;^¥^ 

where pb imd m-a^^ &e basedoping and;^^ Dn is the diffusion coefficient, and tsj.and My are 
the effective density vaience^baiids in the^ase lay . ; 

Historieadly^;^^ available wMch ^ ;have aismallerx^nergyr^gap than 

•i^^ aifei^ce::M "been ^uinerc)us repdirts 

xi^ariceraiii^ 
alloys^kve^ain]^^ 

energ5^.jg# mth thejadditiori of^mall kmc)unts of N • At the begimling of our Phase I effort, v^t 
planed to ldxiiit<te;#^ tq C-d^ed^QaAs;; ffow way 

through the program, we discoyered .we cp as well and still maintain a reasonable 

doping level :(>2Ei 9 cm'^)... In and H push the lattice constant in opposite directions, and both 
lower $he energy-gap of (#aAs. Thus, b>^ -adding ^both Inland N to GaAs, it is possible to . . 
;di^atiCjgdly;io^ fito;(iFigure 1^.. Several 

groi^siiav^ 

adv^tage 'Of the ld)ver;energy^gap,'includi^^ C5] ;and solar 

cells- [63v Thexrt)j^ to study the feasibility of . syri&^^ 

GalnAsbJ^films vnth heavy ;p-t)pe doping for inco^ basejlayer of paAsT^based ■ 

HiBTs: if successful, it ina)^ be possible to reMi20microWav6 devices with flie ;speeds^associat6d 
with III- V materials at Si4ike 

While a lower turn-on voltage is the key motivation fot addiiig N and In to tiie base layer of 
GaAs-based HBTs, a number of secondaiy benefits to device performance have also been 
identified. The anticipated benefits associated with. using low- energy-gap GalnAsN base layers 
in a.conyentional GaAs-based HBT device structure include : 

• Lower turn-on voltage: The addition ofjust 2% of N and 6% of In to GaAs can lower the 
endrgy-g^ to well below that of Si (1 .12 eV) and yet maintain latticeTinatching to GaAs. By 
reducing the base layer. energy ^gap. from 1 .42 (GaAs) to 1 .12 eV, the HBT turn-on voltage (Vbe 
@ 100 ^A) is expected to shift from L12 V to 0.80 V. 
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Lattice Constant (A) 

Figure 1;: Erierjgy-gapTs. MSioe coiistarri fbr^c^ semicondudtors including G 

:kiglili^ the^aAsN^d GalnAs ternaiiesy as y/elj as the iatiice-malpheci QalriAsN . 

•quaternary. * ' . ' ^ ■ ■' ' " ' 

• Ijower sy^tem supply tum-oh voltage^ circuits utilizing . 
GalnAsM HBTs ^idll require a lower overall system Voltage. The lower system yoltage enables 
GaAs4)ase(3 power amplifier circw to operate with' Ihe s^ hattefies needed fbr future 
comniercial wirdess.coi^ systems, IMt lower turn-^on yoiltage ailso enable l^ettef 
funetionaiily iiri digital Circuits which are x:urrently constrained by the standard power .supplies 
used for Si circuits. Note that ihiis reduction in voltafge eliminated' one of the prmcip^ 
advantages of IriiPr^^ " • - 

• linprovedl temperature stabili^: The -increase in collector eiirrent density associated with 
the reduction in tuin-on voltage increases the neutral baise recombination component of the base 
current relative to the reverse hole injecti^^ compDnent,.and..thus improves the temperature 
stability of the peaj: DC current gain. 

• Better RF perform an ce : GalnAsN ailloys enable the implementation of several device 
structures, such as a graded energy-gap bas^, which enhance RF performance. 

• IncFeased reliability : the reliability of GalnAsN HBTs may be improved over conventional 
GaAs HBTs due to the increased .robusthess of material with In and N doping (alloy hardening), 
increased hole confmement, and suppressed n=2 base current components. We are currently 
working on a model which qualitatively accounts for the general reliability trends , reported in the 
literature. If correct, the lower tum-on vdtage itself may improve reliability by reducing the 
hole injection component of the base current for a fixed collector current density [8]. 



3 



Low- Voltage GaAs-Based HBTs: Phase I Einal Report. - 



• fKgher Jb^'toi current-gain: An increase in fhe collectpr cu^ fixed n=2 
•base dement eoii^pon aiughprBC^cuiTent:gadniiat g^iii as 
ajmctien of cu^^ • ' / 

• .Increased eircuit design flexibility: in addition to relaxing the coristra^ ^on;power supply 
A^oltage, file ^ower tum-cm voltage :and stable gain as iklfunctiori, of krfh yditage :and temperature 
givei circiut. designers more laJitudeto such ^as linearity, 
and power add '^ciencyCP^ A lower tarn- on voltage ^irnp thata:given;CU?Tent'can he 
achieved m lower bias, al^^ iQv^^^piied i>ias, Onearity may 
also be improved by a resulting increase in ithe^reverseMas c^ :^e base^collectdr ji^ Jfn 
digital circiiitS,^;ioW \ 

■IR^dnced:^^ sensitivity: Ilie m^act of ii=^ recpiflbinatipn processes emitterrbase 
. Junction , and the eimte he :reiuced di^e to - the increased ccSlk Th\xs 

Gali^^ not :reguir^ ireduci^g -jsrc^^^ and cost; 

During our feiase I effort^ ^Mve demonstrated a lOU 1 5 meV reduction in Ihe *urn-Qn^i^pitage 
.of GaAs-tbased HBTs; "We have ^aiso proven iflie feasibility of increasiri^ -the ievel of and In 
. incosipbraiten irip fiirtherr^ediactionsc^ 
vpltage^during the 

' ■ sections. also outline the technical challenges'^ during the Phase H 

programji and^givefa^brief description o Yde eM>rt'to explorejthe growffi of G^sl^ alloys 
•pyerthe^fe^ 
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IttGaP/GaliiAsN HBTs with Reduced 

The: ciirrent- voltage characteristics of an HBT iare^often characterized fey reference tpa: turn-on 
voltage defined as the base-emitter voltage :(Vbe) required to achieve a certain fixed collector 
cuirent (Ic) P]. 'While In theory, Vbe is a function , of base layer properties (Equation 1), in 
practice emitter :properties often increase Vbe from its &eoretical:Value/ Discontinm^^ in the 
energy-band line-up at tiie base-emitter heterojunction in ;aii HBT .can cause "a spike iii the 
GQBducti0n:bandi^ &e.eollectorxjurrent^d.3>ence;?^ As a itsult, GaAs- : 

based HBTs in general, and AlGaAs/GaAs HfiTs^^ m 

turn-on voltage depending on hovs^ the base-emitter ihterfae : 
conduction band is :prc$)erly cpntroiled, the voltage of GaAs-^based H^ 

the^thepreticalkwer limit of current flov^^cross a pnjiin^ 

Eqamtiion 1, the tiin-^Dn'v ailMBPis then;furidamehtdiy to^ 

the base layer. We believe that the InGaP/GaAs HBTs.grown ^at Kopiri routinely exhibit^this- 
. fundamental lower limit dnihirn-on vol^^ During ;^s Phase ! ' 

.efJprt, ^ve iave ^empnstratfedlhGaWG^ th6 
leV^l>of standard InG^/G 
eriergy-gapMlhe baselayerrdue^^^ 

the base^layer, secondary ion spectrometry;(SIMS), ph6toiiuninescence<(I^),:d^ x- 

^r^O^'dififractionlpC 

lipaP/G^nAs^ 

•Equation i describes the turn-on voltage of a p'^n junction assuming the collector ciirrent is 
governed by iie ShodMey eqi^^ By revrating:flie dopingiand thiclcness in . 

terms i?f the base sheet r^ (R^base)*^!!!?; tuni- as a . . 

funetibn^of base s^^ . ' ' ■ 

Vtc^^Bta[R3)ase3+A, 

where 

A-= Egb/q - Wq) ln[q^M>CNvE>h / IJ. 

and 

B=(kl%i). 

Figure 2 shows the turn-on voltage, as derived from large. area devices (emitter. dimensions 75 
}im X 75 pm) at a current of lB-4 A (Jc = 1.78 A/cm^), for a large number of InGaP/GaAs HBTs 
grown at Kopin. The Vbe of the lnGaP HBTs qualitatively follows the natural logari&m 
dependence on Rsbase described .above. There is no evidence that a conduction band spike limits 
the collector current of standard InGaP/GaAs HBTs grown at Kopin. The collector current 
ideality factor is nearly one on all InGaP/GaAs H3Ts/and .examiiiation of the reverse Gummel 
plots from these devices shov/is no indication of a conduction band spike limiting the collector 
cuitent :[ 1 0] . To further confiim the nature of the collector current in 'Kppin' s InGaP/ GaAs 
HBTs, we grew a series GaAs emitter/GaAs base BJT sttuctures with Varying base thickness; 
The Vbe from these structures, 
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50. TOO. t5G. 200- 250 . 300. ■ . 350. 400 450 

Base Sheet Resistance'COhmsySq 



SEigure 2:: voltage ^fVbe@i . 78 A/c^ as afunctiori^df base sheet resistance lbr.stahdard 

InGaP/GaAs «BTs; GaAs/GaAs BJXs, and InGaP/GalnAsN HBTs. The solid line represents a 
logarithniiG fit to a 1 1 4 meV reduction 

4ata?is%;guide'to;^^ ^ / 

which clearly do riot Jiave any conduction band spike, follows tM iagar|thmic .dependence 
as^KppinSsinGaWGaAsija^ (Figure 2).:Thus ihe IiS^ 

represents &e.i0wer Jiniit;pfV^^ can be achieved lising a and-^can become." 

a niett^c fbr gauging the success dfldw^ by U5ing a |pwer erieiigy-g^ 

GEdtnMMbase/ . ' ; 

During: this: Phase I STTR progr^y we grewa/series of InG^/GafeAsN HB varying 
base thickness resulting in Rsbase values between 183 ..and 385 Q/Ql The basic device stfucture 
used to explore the impact of In- and Neaping on G Figured. The 

structure consists ofa^GaAs buffer layer, Si-dpped GaAs subcollector and •Qoiiector layers, G- 
doped -GalnAsN base layer with thickness vai^^ing between .706 and VSQO 'A, a wide band gap 
InGaP- emitter, and GaAs .and InGaAs emitter contact layers. Tbese structures were processed 
into large area devices using Kopin's standard :QL process; the turn-on voltage, Gummel .plots, 
and dc current gain from the resulting devices are shown in Figures 2, 4, and 5^ respectively. As 
a guide to the eye, the 4ashed line in Figure 2 shoVvs an 1 1 .2 mey -shift downward in the Vbe 
relative to InGaP^fGaAs HBTs. The magnitude of the Vbe shift seen in the IriGaP/GalriAsN 
HBTs appears to decrease, with increasing base sheet resistance. This is likely a.real • 
phenomenon related to non-uniform In incorporation across the width pf the base layer. 
However, the Vbe of all four GalnAsN b?ise structures is clearly below that observed in HBTs 
with GaAs base layers. The DC current gain, while not high, is greater than 10 in all three 
InGaP/GalnAsN structures over 
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500 A Si-doped :Ino,6Gao.4As (1.x lO'^ cm'^) 



SOQ'A Si-^dpped lnDaAs Grade (r x 10^* cm'^) 



15^0 A SMoped -GalVs^ X 10'^ :cm^^^ 



A Si^dopedMaP (3 x Id" cm^) 



50 A; SHd(5p.ed InGaP/GraAs Transitional La^er 



70Q to 1500 A C^Qped Gai.yI%Asi,xNx (2:5 x lO'^ cra^) , 



500 A Si-doped GaAs Transitional Layer 



7000 A Si^ik^ed GaAs,(l x lO'^ cm^^) 



5^)00 A Si-ioped GaAs (5 X lO'* cm ^) 



500 A undoped GaAs 



GaAs SUBSTRATE 



Figure 3: Schematic of a GaAs-based HIT using a nearly lattice-matched GalnAsN base. 
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Figure 5: DC current gain as a function of collector current density for the GaAs/GalnAsN 
HBTs with var>'ing base width j and hence varying base sheet resistance (Rsbase). 
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iive decades x)f cxirrent (Figure 5). As is typical for InGaP/GaAs HBTs, the base CG}lectpr 
cuirenis do not .cross over the . ' = 

SIMS profiles Sirough the thickest base structure indicate the In composition is close to 4% and 
the N concentration .is von the order;of lEi 8 cnr^ in the l^ase layers of these GalnAsN HBTs 
(Figure;5). TheC le\^l.is over 2E19 cni'^^^a^^ level is below 4Ei;8 cm'V^.T^^ 
In levels are not oconstant through base layer, feit exhibit :a :snmll 'Ciscillation near:the ba^er 
•collector interface. ' This x)scillafion in^dopant inipurities ;aiso manifests ^itself electrically ;as an 
oscillation in carrier concentrafion, as seen:in the Pdiaron profile in Figure 7. The average 
carrier concentratien in the Ibase lay er of the InGaP/GalnAsN HBTs is 2.6E1'9 icm'? as measured 
%3^JR(^ Tins value IS in- ro^ biilk caiihratm 

■ samplesV".;. ; )/ ■ . ^ *; ' • " '/ 

The base layer is of suffjdent iWckiess b DCXRI):and;PL . 

measurements -bn^&^iu^ ;FigiM^ei:S; :shQws the DGRXD :sp6ctmin finato;^^ 

InGatoalnAsN a:Standard5nGaP/GaAs I^T of comparable ^base Mclgiessv In the 

•^tand^d sample^ the 4El^9 cnr^ base'i^er is seen ias shoulder von lhe right iiand ^side'bf the;; ' 
substr4e |?eak,^^ of ^+^90 iarcsecs. With the addition of . 

Iii,^ei.base:layef :peaki^^ to -425 larcsec^h thelnGa^ 

^specton^fi?om both the InGaP/^aAs.andlnGaP/G structures jare#ibwn/i^^^ I Q. 

.Oqmd NiPLmeasan*^ . . 

selectiveiyfstopping :at the -top of the'InGaPieniitter; In to enriission is 

from the G:aAs;cdMector la^ However^ ;erinssib^ ; 

also deai3y^ visibleto%o s]Wictures.;Band;fiJl^ 

a broad emission aroimd 1,4^ "'The energy; of the b 

layer ernission has :been pushed .0^^ 

not yet determined ^why only Techic^on inpe^ac 

mamfesied as areducfionin Y^ . 

The electrical properties of theteGaE/©aInAsN iffiT iiave also 'been^compared .to a standard 
InGaP/GaAs structure. : Figure M *cpmg3^es 'die^jummel pbt^ d3kwo InGaP. emitteiri;structures 
with fcoinparafele^base sheet^^^^^ and 4:74 ili/:n).i)ut different base layer 

niateriaas. The device with the G^nAsNlmse layershbws a clear Shift upwards in collector 
current :(by a fector of 1 ;9) conipared to fee conventional GaAs base structure, and has.aii 
identical collector ^current ideality factor of iM, However, the base cuif ent of the GalnA^ 
base structure is dsp Mgher at.aii bias levels, irqsultiQg in a l6wer"DC cii^ 11). 
During the Phase 11 eSbrt we will need to focus on improving the minority carrier lifetime of the 
InGaAsN base layer as well as fee emitter layer grow 
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Figiure 7: Polaron C-V p-type doping profile through the base layer of tiie 1 83 Q/D 
InGaP/GalnAsN structure! 
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Figure 8: DCXRD spectrums from a 
stmcture, both with a nominal base tWckne^s of 1 The positip of the base; layer peaks .are 

•marked*''. " =;.* • ' ; • ' .'■ • ' >• 
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Figure d: Liquid N2 PL spectrums from a standard IriGaP/GaAs HBT and the InGaP/GalnAsN 
structure, both with a nominal base thickness of 1 5 GO A. PL spectrums were taken after -etching 
down to the InGaP emitter, the position of the base layer peaks are marked. 
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Incorporation of Njinv 

Jhe large area device^esults obtained from.InGaP/GaliiAsN HBTs, which were discussed in the 
preVioixs section, dearlj^iSi^ggest.lhe^^fe^ ^voltage xyfOaAs^based 

HBTis by adding In and N to the base iayer^ However, to !push the device performance to a 
higher level^^we need to increase ithe: C/N, and In^concentrations of thq G^fnAsN base layer 
material while at the ^same time .During oiir.LPha?ef ' 

effort, we liave made 'significaM prog^ towiards^flns^^bai. incoi^ioraling over; l:E]9 .cnx^ of 
,1E2() em^ of C, and 4% In into p-type GaAs. The resulting material exhibits significant shifts in 
-both thei^energ^^ rneasured by ^hotoliiniinescence and DCXS^ In 

ffiis section, we report on joiir Phase I progress at inco^ydrating ^NJ, |n, and C into GaAs.fepth . 
s^ar2itely^and simult^ 

to ^eJvep^tMng from c^ M^^o wlh^^i^ memory ieffects inipacting the growth /of Overlying \ 
niatend;; Understand ' . 

technical challenges ^]oft^^ ; .' ..." — 1^ 

During the Phase'I j!)rogram, we iiave determined that NH3 is a suitable source ;fbr igrowing N- 
doped GaAs: flimsy even atlow^teniperatures: ^ Jsf^.concentiation in a 2 jxm.. 

p-ty^pcrGaAs film contsMng five layers W^ 12. 
The peak tSJ ^concp^ The O ^and ^ levels m this ^sample are -belo w:|he 

detectionlbyd, v^^ile the X3bc)neentration ranges from 35:^ 6:9 E\9 cm'l Most encouraging is 
iheplot of N cpnce^ .A leastvsquares^fit 

indicates thel^cohce^^ 

iincreasingtii^ films Is; simply Ja^nbtt^ HowfbJ 

ariy given set of The M incoipora^ ^ function of 

/groWlhtem^^ ' • 

The;addition:of In to<3aAsN lower1he.energy-:g^;and^:a^ the 

lattice constant Wheiidopirig with earbon,^^ constant of GaAs shrinks, causing the film, 

peakin adouble^ciysta;] x-ray diffr^ spectrurri to shift to the -right of the GaAs 

substrate:- iFor^G-idoping levels;ne^ :&e.4El 9 cm:^,^^ spHtting is t)^pically around 

+9Qmcsec, Adding Mshifte^ithe |3»eak ^iin fuither to#e-nght ;a^ 

However, when^ is added, iiie iatticebonstant exp to the left,: 

Figure 14 shows the DCXRD . spectrum fi-om fbur GaanAsN samples with^di&rent levels of In 
source ,.flow.-added to the growtk The film peak splitting moves from approximately 4-445 arcsec . 
wi£hti6in:fldwto-5'72arcsecwi^ Growfli. 
temperature has also been found to have a strong impact of In incorporation. The 64 meV shift in 
PL emission seen in. the HBT structured from Figure 9 is comparable to that seen in bulk 
GainAsN samples. 

Carbon is the dopant of choice in modem GaAs-based HBTs because of its low diffusivity . Any 
potential advantages of using GalnAsN alloys for HBTs must be accomplished in filins which 
arecordoped with C. Growth chemistry, however, can .play a rde in^hindering C incorporation 
in GaAs-based alloys. Historically, it has been very difficult to grow carbon doped GalnAs 
using TMIn, At the onset of the Phase I effort, concerns of diniinished C incorporation 
discouraged us from adding In to GaAsN. However, experiments conducted part way through 
the Phase I effort 
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Figure 13: Average N concentration in the five layers shown in Figuire 4 as a function of N 
source flow. The. solid line represents a least squares linear fit of the data. 
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Figure 15: Doping-^mobility product in bulk p-type GalnAs bulk layers as a function of external 
carbon source flow. Hie pToduct is determined from measurements of sheet resistance and 
thickness. 
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suggested:&at gro?^ 

:;Scm3E 'COBditions itis p^^^ ;of bpthC 'apd In, vSIMS anaaysis^of 

. SGitie In-cGtitaining^sample^ ESiectncal . 

imeasuSeni6ritsind^ . 

high G CGiicent^ati^ electrical actiyafipn:t)f t^^^ inittOaAs. Figure. 

.1 5 4ibws tiiis^inipact:©^ an^^ C source €bw an : 

IriGaAs Mms grown under two ^di^i^ 

• as the metric because it removes the uncertainty associated with /mbbility measurements in 
heavily doped p-type layers, We expect a film with 4Eii9 cnT^.\pr^ a mdbilily of 

90 cn^/¥-s to have a dopingTmbbil0 pro . (V-c^s)' v 13^© mobility Is e^g^ectejd to 

decrease as -the dbpirig deVel increases^ rnaMng-llie -m product less sensitive to 

changes in doping. Under growfli Condition 2, then, :vte^llave ac^ levels that are 

probably in excess of 19 cm"^ ^ ^ ^ 

In additionio experiments explori incorporation of N in «'GaAs, In in GaAsN, and C in 
GalnAs, we have growriiayers simultaneous^ incorporating M, In, and C. Figure 16 shows the 
SIMS profile tough avbulk p^type GalnAsN structure witha C level over 3.2E20 cm":^, N level 
over 1 E 1 9cm ^ :and an unquantified In level-two ^orders of magnitude above background levels . 
While the level of G, in, and N incorporation in this sample is encouraiging, the? minority carrier 
properties need to be improved; * PL emission from this sample is extremely weak, and ;the H 
level is very high (> 1 E20 cm'^). 
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. Figure 17:.Effec^ of iiitfag^ soiorce fiG\y on GaAsgrowth late as^a^ction'of arsenic and - 
[ -gailliiim soxirce flows; and 

.arsenic so ihipact pf Kf soiirGe:flpw^n .GaAs^^pw^-fa^^^ feeeh assumed to be 

linear;'.- ; ;^ ''.^'x': '■ . ; 



While Ave have been ^uccessftil at ;gromng GalnAsN films^^th ilarge C coricehtrations, the 
.growth mechanisms behind N-^contaird not weliionderstood, 

The anitiall^hase 3 studies suggest thai grp\\^ temperature, Jsouroe flows,: anigrov^iJi-i^ 
^l'|)iay^im|>ortant roles 'in Isf, and In incoiporation. Initial ^sults also indicate a complex . 
growth ^Ghemistry^With many interactive effects ^between ^e growth jparameters. For example, at 
low nitrogen source flows, the Ga^s ^grow^^rate increases ^yith increeising nitrogen source Sow, 
Moreovei^: the magmtu^ 

dramaticail3^^?y^th the galliumand arsenic source:flows. ;Pigurei7.^^ increase in 

growth :rate per seem of nitrogen source flow as a. f^ gas flow ratio. A set 

of single layer, bulk (5000 A^istruclM^s were:frowna^^ 

DeXRD,;andPL. vUnder some; eondi^ a 50 seem nitrogen spiirce jowj?an a 
50% inci^easein the GaAs growtti rate; These results suggest iiat the nitrogen source flow acts 
as a catalyst for the decomposition of gallium and arsenic sources. Since most models of the 
MOCVD growth of GaAs. hypothesize tljal gallium and arsenic. source molecules interact on the 
surface, :the.results summarized .in Figure' 1.7 suggest the nitrogen source may interact' with" both 
the gailium and arsenic source molecules on tiie . growth surface ^d not in tile ga;s stream. 

During our Phase I effort, we have seen evidence which suggests that N may be iticqrporated 
into the emitter layer grown, above a.N-contaiiiing base -layer. At this point, the exact na:ture of 
this unwanted N (or other contaminant) is unclear, but it is likely due to residual source gas 
which is not swept out of the growth chamben Figure 18 compares the Gummel plots of an 
InGaP/GalnAsN HBT toa standard GaAs-:based HBT. The GalnAsN in the base layer of this 
HBT contains higher levels of N and C than is present in the devices discussed in flie previous 
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section (Figures 4 :and 5): The InGaP/GalnAsN HBT ^xWbits two^serious probliems: an Increase 
of iiearly €ve orders of magnitude. in the base current at low bias, and a very Jarge effective ' 
series resistance. Previously,; we have 

large area devices in \\aiich surfak^e^^ l%l 1|. : In this 

device ,m6del/the^ccdlector cxirrent is fit by a^simple^diode "eqtiation, and the base ciin'erit is the ^ 
suin .the three components: space ,ehargeiecpirMnatioii,^^T^ ■ 
re yersethole inj ection. For .a^^iyeri emitt structure, the magnitude^ . 
recombination component .; 
•Gumrnel i>lots:iri f'igure 4:8 indiciarte the trap dens top/of^tlje 
GaihAsM is brd^ ;than€ie trap density iii IiiGaP. grown on iop^a^ 

p-lype iGaAs: Qn the pflier^^ 

structures. In this ,ckse; ;the trap/d^nsilsr^ of lie = j(3aAs /em pn 
eiiiier^ai^ Ilow^v^er, pe^ffectiye series resistance i=em^hs quite '■■ 

latrge:dh the vGalnAsN^ase sample^ to the quiche :roll-pver of ;the ^collectpr ^and bsisp ' 

currents. Resolving these base purrent and seraes r^sist^ce Jpr h a,key .techiiipal • 
challengefor thePhase^n , . 
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^e|>rQposedtechriology 

PBTs for dual-use high ^eguencx microwave:^ Ito^evplaying an increasing 

role ;in CGmmercial wireless coihniunicaion system^^ variety of both <grouhd- and 

space-based military applications. If successfijl, Mipr©^ will lead td.raicrowave 
components conibining the advantages and the maturify 

low tum-on voltages oflnP- and SiGe-hased devices. Such components are crucial .for 
achieving communicafion systems operating with low voltage power supplies. 
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Low-Voltage GaAs-Based HBTs: Phase 11 STTR Proposal 
Identificatioii and Significance of the Problem 

GaAs-based :HBT.s are gaimng wide acceptance as critical compGneiits in a wide range of circuits . 
required for bofe wireless ;and wired poi^ As a leading producer of GaAs- 

based HBT wafers by the met^organic ^emicail vapor deposition (MOCVD) technique, Ebpiii 
Coiporation has played an iniportant . role in developing the materials necessaiy for reliable, high 
perfbrmaince devices. Hovveyer, ;ftiture trends in^the ^commercial wireless cornmunicatipns 
market are expected to require lower volta^ frequency performance; ^d 

lower ^cost production. ^Military applications :can.:also ^)enefit from these attributes. In addition, . 
milita:^:systems/such as phased arm AE) converters^ electronic / 

countermeasraes, and. satellite cornmunicati require hi^h power Semiconductor amplifiers 
opektingvatithe . While ;GaA$-4>ased HSTs-cuirentlyme 

of these needs^Mgherfriequencr^ l^ei^bimance -and Idi^ reJliabiiityiare necessary ito. meet 

future :ne^ds: Mqreoverv&ese de to be niet ^^Mle^[o^ overall 

system voltage iii both ground- and space^ased apphcatipiis. Thus ;tihere are incentives in both 
fee cornmercial euiid rnilitary m for irnproving the perform 

andl6werii^=ihe\cpstd^ ' 

The increasiiig trend toward lower supply voltages in rixmy communication systems has spurred 
a;gi«at>interestin materid^^^ ^th ^iow lum-^ori voitages,:high power added 

efficiency, high linearityy -and high^oiitpi^ powers! : Although inP-based HBTs offer^o w;.turn-?on' 
voltages with respectable pov/erperformance, the process and growth tecbholq©^ needs 
siibstaiitid wprktQ.TC . 
miatcbed 1x)|rLp^d4he:^^^ limit the 

potehti^^InP^ 33BTs! At fee labp ;ievd3iG?4)ased demonstrated 
reasonable RFperfbmiancerandlowt^ 

long^erm reliability, and volume mainifaclmabU^ still need to be proven, The potential payoff 
would %e tr^endous ii^GkAiS^ Sffifs ^caii be Engineered td realize 1cw?turri<)n wltages. 

If fee proper steps are taken to. spike at the emitter-base junction, 
fee turn-on voltage ^ an JfBT is iiihitedljy the energy ^gap of fee base layer It is. well- 
known ;feat fee addition of Into GaAs lowers .fee energy-g^. Mpweverj (3aInAs alloys have a 
larger lattice cohstant and feus produce undesirable strain wheh in within H GaAs- 

based. device structure. Recently, there have b^^^ reports concerning GaAs and 

related^ompounds dopedMfe vsmall amounts of N [1-3] . Such GaAsN alloys have :a number of 
interesting properties, not :&e least-^ is a ^ly large reduction in energy gap wife^fee 
addition of -small .amounts of N. Mpreover, the lattice constant of GaAs shrinks rather than 
expands with, the addition of N, By adding bofe In and N to GaAs, it is possible to dramatically 
lower the energy-gap vvhile maintaining a latticeTmatched film. Several groups have already 
incorporated GalnAsN alloys into deyipe structures .which take advantage .of fee lower energy- 
gap, including fiber-optic wavelengfe laser diodes {4] and solar cells [5], However, feere have 
not yet been any reports of GalnAsN alloys with the heavy p-type doping needed for HBTs. If 
high p-^pe GaliiAsN films can be grown and incoipora;ted into the base layer of a GaAs-based 
HBT, it may be possible to realize microwave devices wife fee speeds associated wife III-V 
materials at Si-like tura^on vdtages. 
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WMle a lower turn-on voltage is the key motivation for adding N and In to the base layer of 
GaAs-based HBTs, a niimber of secondary benefits to/device performance, are also expected. 
The anficipatedibehefits associated, with using low energy ^gap GalnAsN ba:Se layers in a 
conveiitional GaAs-based HBTde^^^ 

• Lower turn-on V of just 2% of N and ,6% of In td^GaAs can lower the 
energy-gap to well below that of S^^ (1.1 2'ey) £md yet m^ lattice-matching to GaAs: iBy 
reducing tiie base layer energy-^gap from 1 ;42 (GaA^) to,! ;i2;ey, the HBT turn-on voltage (Vbe • 
@100;iaA) is expected to shift from 1.12 VtoQ^O V,; ; 

• Ijowerisystem supply :Voitage: Because o reduced tuin-on voltage, circmts ^liziiig 
GalnAsN HBTs willreqime;a low overall system voltage. The lower systeni voltage e^ 
GaAs-based power :^npM6r circU^^ v^t^the sinallerl^a^^ 

c6nimerd4 wireless conuni^ voltage i^ili;als6ena^ 

fmictiohality inidigitalc^^^ 

. used fbr:Si circuits. /Note that this reductioii in volt 
advaptages:0f InP4?a^^ 

• Improved tetnperaMfe stability in collector cuirent density associated with 
the reduction :in tum-ron voltage increases the netitr^ of the base 
current relative t6 the reverse hole injection coinppiienti arid thus iiriproves flie-. stability of the 
pegk -DC ciiirerit iga^ 

• JBetter RF peiffbrihance: GalnAsiN ^Ipys eiiaMe the implement of -seyeral ^device 
structures, such as /a,graded energy^gap base, which enhance perfdraiarice. 

• Increased reliabiHty: The reiiabili]^ of GalnAsN HBTs may be improved over conventional 
GaAs HBTs due to ^&e Increased r&bustness ©f material wihlh ^d :N ^doping (alloy hardening), 
increased hole confinement, and suppressed n=^2 fease curreiit corhponents. 

• Mighet low bias-DC currentg^^ An increase in the collector cuirent relative to fixed ii-2 
base current components leads to aMgher DC .current gain at low bias and :a more stable gain as 
a function of current density. 

• Increased circuit desig flexibility: In addition to relidng the constrmnts bri power supply 
voltage, the lower tum^on volt^ge.and stable gain as a function of both voltage and temperature 
gives circuit designers more latitude to optimize amplifier circuit parameters such as lineati^ 
and power add efficiency (PAE). A lower tum-on voltage -implies .that a given current can be 
achieved at lower bias, allov^ing a higher PAE to be achieved at low.applied bias. Linearity may 
also be improved by a resulting increase in the reverse bias, on the base^collector junction. In 
digital circuits, a lower bias voltage should reduce the power-delay products [1 5% 

• Reduced process sensitivity: The impact of n=^2 recombination processes at the emitter-base 
jimction and the emitter periphery will be reduced due to the increased collector current. Thus 
GalnAsN HBTs may not require passivating ledges, reducing processing complexity and cost. 
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I3iiring:0uri^Hase i ie 

::heavilx3)-^pe GaAs {3:E1 9 crn^rby - adding ^oihln and N:4b iheiiiate Moreover^ these 
results have beeii achieved mmg a growth process which is compatible vvith ;high volume , . 
manufacturing. We -propose to flxrth^ ^and incorporate p-type 

G^tnAsN into thei^ase iayer of inGaP/GaAs e%rt aimed.atxe^lizing the 

benefits of this :excitingne JnGa?is chosen:^sNKe ei^ 

low conduction band voffeet wit^ ■ - 

following sections, We .plan an integrated effort involving both university and industrial partners 
to ^explore basic :m 

st^tures.^and probe a wide range of large andismdi ar^ - Ijhe overriding 

goal of the proposed Phase II work is to ideiiipnsteate iinp^ 
based iihateriai system, 
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Phase I Technical Objectives 

The turn-on ^voltage oil :m WST:is'&mdam6ntsi\]y liniited:by the energy-gap of the base layer. By 
utilizing p-'^pe GaAs layersjco-doped with In and N, the energy-gap of the base ilay er can be 
significantly reduced. We plan to incorporate such. p-type GalnAsN layers into a GaA^-based 
HBT structure and demonstrate the ^enhanced device performance outlined mih& previous . 
section. ".MoWever, OalnAslN is a :new mateiiai -and there are many basic issues .whibh need to .be 
investigated ^before -these benefits canht jredlized. :Kopin Corporation plans to work closely with 
both university and industrialfpartners to ^address these issues and explore ttie potentid benefits 
of GalnAsN HBTs: ; As describe belov^ we plan to focus on optimizing the^grow^ process ^ 
incorporating GalnAsN Mo an^HB T :structure,^and probing a wade range of ^evice 
charactenstics :in both large and srnali .:area devices. <3towth opfiniization will focus on 
understandiiig better ^and refiriiiig further a proprietary :gro^^ process developed during ;the 
Phase I effort, Large area devicf c^ vviH be Jieavily oised to^assess ;hoth the quality 

ofM inatOTalin the M^ siiccess;oFthe;;device^a^^^ Smsfll area device 

perfomance vvill:be used to. 

1^0 Optimize 

During pair l^hase I effort, w^ihay^ :cm^ of H . : 

iiitc^lG^ 120 meV shift dov^nwaiid in fee 

energy^gap of heavily p^type GaAs; Moreo very we have achieved these results using-a: oinique 
■gr6v#r,process which is ^dompatible with high ^volume production. In a l%ase ^11 effort^ we need 
to:deyelQp'aA>etter:uhderst growth of N containirig layers in general anfl this growth 

process in p^icular in order to. b^^ the niaterial properties for HBT applications. 

1 J pro^h of Galii^^ 

Recently, there have been numerous reports concefnirig GaAs and related compounds doped 
with small amounts of N \}'% Such GaAsN alloys have a nimiber of interesting^^^^ 
least dfwhich is a^eryiarge redu(?fion in- energy gap v^ jQie /Edition of smaH amountS^of M 
(Figure l).^For Sample, recent ^cal^Hflationsostaggest GaAsN wiai^ust4^ H will 

ixave an energy gap in excess x)f 200 meV idwer than GaAs P], Ihe reduction in energy^gap is 
even greater in stomed-layers. Figure 1 highlights the:prqjected energy igap of GaAsN alloys as 
a function of lattice constant .Because of a;hugel3^d-g^feo\^ang paramete^^ the energy-gap of 
GaAsN fir^ drops-as Nis added before it begins to increase toward ^fliejenergy gap of GaN {3.4 
e¥) at higher M concenfeatiohs, The lattice constant of GaAsN decreases as N is added. Also 
higMighted in Figure 1 is the energy-gap of GalnAs alloys. As In is added to GaAs, the energ}'- 
gap also decreases, but the lattice constant increases. By adding both In and N to GaAs^ the 
energy-igap can be dramatically reduced, but if added/in the correct ratio, the lattice constant can 
. remain near that of GaAs. Such lattice^mated GalnAsN alloys with energy-gaps as low as 1 eV 
have been synthesized by several groups and incorporated into both laser diodes and solar cells 
[4,5]. 
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Lattice Constant (A) 

Figure 1: Energy-gap vs. lattice constant for.cominon TII-V.senu 

HigMighted arib the GaAsN arid Q^nAs ternaries, .as well ^^a? the lattiee^inatch(?d^GaI^ 

quaternjai^, . . 

During our Phase I ^effort, %e:Mve^ 

io :^adiie^ sSft in^)^ ^}!^.: ■ 

Figure :2 shows i^t^L spectoina^^ 

Fprtepkli^ 

and-eni^ghln irasifefeen added ^to :make:ithe :fi • 
i>eem%iiimzed& 

a <jaA5:fiim doped p-ty^ at -standard le^rel #E3:^ cm^, we -dfeserwd a peak 77K PL' 

wavelength of 8500 A^;as ,shown in Figure 2, The peaic wavdengl^l^a^ 

with decreasing doping toward a wavelength of 8228 A for undoped GaAs. The peak PL 

wayeleng^ of <the GalnAsH fite^in'Figure^ is sh;if£ed\putward.tG.9273 This/corresponds to 

aiienergyrgap of l;34eV;and oyer 120meV lower than our standard 4Elfcn^^ GaAs 

layers, 

The GalnAsN >&kn wiiose PL is: shovm in Figure 2. is nearly lattice matched to GaAs. When 
doping witti carbon, as these samples are, tiie latticexonstaht of GaAs sM causing the flbri 
peak in a double-cry sla:! x-ray diffraction :(DC55^D) . spectrum to shift to the right of the GaAs 
substrate. For doping levels ;near iie 4E^^ splitting is typically around 

+90 arcsec. Adding N shifts &e peak film further to the right and thus increases the splitting. 
However, when In is added, the lattice constant expands, pushing the film peak to &e left. 
Figure 3 shows the DCXRD spectrum from four GalnAsN samples wifli different levels of In 
source flow added to flie growth. The 
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Figure i: 77 K PL speetrum frG«n.a:coto)lp and a .sample codoped with In 

and N. The peak wavelengtli shifts butw around 8500 A in the eontrol to 9273 A in the 

sample Gpntaining In and N: DGXiRD of the GainAsN samfiile indicates it ds lattice matched to . 
the ^GaAs substrate, and Hall gives ^Jdopmgiey€|i^ Because of differences in . 

structure and ^excitation power, th^ magmtude of .the t^o PL intensities can .not be compared. 
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Figure 3: DCXRD of bulk (5000 A) GalnAsN layers grown with varying In source flow. As 
the in source flow increases, the film peak shifts to the left (arrows). 
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:film peak splitting moves from approximately +125 arcsec with no In flow to -60 arcsec with the 
highest In flow. Jhe lMrd In source flow, wMc^ is nearly lattice matched, was used for the 
growth-of the G^nAisN sample wh^^ 

While we have been suceessfo^^ at growing GalnAsN films like a number of other ..g^^^^ the 
growthimechanisms behind N Gont^ningiGaAs-ibased films are.not welLtmderstQoi GaA^ 
alloys have long been predicted to. have a large misGibility gap, Moreover, thennodynamic 
considerations suggest that incorporation in GaAs should be quite low. However - MOCVI) 
grpwth.does not joccur under equilibrium conditions. Kinetics, not thermodynamics Will 
deteitointe jN incoipOT^ Jhoreceht reports :on the properties o£N in GaAs far exceed 

the initial tiaeoretical-predictibiis. In this project we plan to-^carefully study the impact of 
MOCVI]).grovMi parametCT^ We anticipate that 

growth temperature; source flows, andTgrowth chemistry will important roles in N 

incoiporatioii: ' , ' 

1.2 INikBUifactura 

Most, recent ;M of GaAsN -films have employed plasma or other alternative 

M sourcesvil , 3, 5, 8, 9^ •• . 

.akeniativeM -sources. Hovi^ver, none-of ^^e^^ . 
voimne:pr0duc1i6n.^^fe is botii dangeroiis -and expensive. During the JPhai^e I . 

effort, welhave engaged in discussions vvdth several metdorgani source vendors conceming 
DMHy/^^^'W^ are willing to niake. and sdljDM the vendors felt it would only as a 

-laboiatory denionstration, iiot ;as a production source , . ^e^beiieye^aminoni^-(NI^ the typical N 
soin^e f^^ ;a^etteriGhG^;cei;^ .Ammonia clean soiurce riiat is 

prOduceSin liai^ yolunies arid ^at low |>fice. Concems^hat NHa'dpes not crack sufficientiy at 
lovv^ ten^eratures^seem iinw^rranted^^ Icnow tJiata key step tO;grov^ing high^ 

quality G^ layers on sapphire substrates involves a low temperature 550 ^C) ^buffer layer. 
Sincel^JHs and IMGa :af e :typical sources fbr^this^ isclear fliat NH3^an%e iised 

as a N .source at low. growth ternperatures. We feel the known benefits of using a well establish 
source far ;.outweigh the potential benefits of trying aia alternative M sdyrce, 

Durkg^ fh0 BhSse I effort^ we have determined that iNHs is a suitable source for growing N-doped 
Gal^s films, ^ven at low temperato The SIMSprofile of the^N concentration in a 2 jam p- 
type GaAs film containing five layers with different N source flows is shown in Figure 4. The 
peak N concentration is 8.4E1 8 cm"^.. The 0 and Si levels in this sample are below the detection 
level, whMe' ffieC conce^^ Most eincouraging is the plot 

of N concentration versus N source flow show in Figure 5. A least squares fit indicates the N 
concentration is increasing linearly with N source flow and suggests that increasing the N 
concentration in fee films is simply a mater df increasing the source flow. 
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Figure 5: Average N concentration in the five layers shown in Figure 4 as a function N source 
flow. The solid line represents a least squares linear fit of the data. 
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PigOTe-firfiffe as a fimclion of ^arsenic-^a^ 

. galliuih source flows. The V/IIIgas flow ratio has be^n varied by changing both the.^allium and . 
arsenic spiarce flpws.; The impact of N . source ;flow 0n Ga^ growth rate has been assiimed to ;be 
linear." ^ ■'■ ' {' ; . . • • 

While the NH3rbased groA\^h proce^ very prornismg, it heeds to 

be better riuiderstoo The initial gro\^^ e5g)erirnentSrat 

Kopin investigated the inipact bf grovv^^ temperature as well as gallium, arsenic, and nitrogen 
source flows. A set of single l^er, biilk .(5000 A) structures were grown ^d ;characterizedby 
Hall, selective etch, DCXRD, and PL! The results ^clearly indicate a complex' growth chernistiy 
with .many interactive effects between the .growth.parameters. For example, at low nitrogen 
source flows, the GaAs growfli rate ^increases ;with'increasing /nitrogen so^^ Moreover^ 
tihe inagnitude of this effect of liitrogenrsourc^ grovvth rate varies dram 

with the gallium and arsenic source flows. Figure 6 shows the percent increase in growth rate. . 
per. seem of nitrogen source flow as a function of .inverse V/III gas flow ratio. Under some 
conditions, a '50 sccrn nitrogen source flow can lead to over a 5^)% increase in the' GaAs gf oMh 
rate. These results suggest that fee mto^ as a catalyst for the decompositiori 

of gallium and arsenic sources. Since most models of the MOCVD growth of GaAs hypothesize 
that gallium and arsenic source molecules interact on the surface, the results summarized in 
Figure 6 suggest the nitrogen source may interact with both the gallium and arsenic source 
molecules on the growfli surface and not in the gas stream. 

In addition to the growth chemistry;, the stability of the process needs to be optimized, 
Phdtoluminescence spectrum of thick and thin samples grown under identical conditions show 
very different full width half maxims (Figure 7). 'Die PL from the thicker sample is considerably 
broader and the peak is shifted outward to a longer wavelength. SIMS profiles through the 
tiiicker sample indicate that the N and C concentrations are drifting during growth (Figure 8). 
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codoped with in and N. The peak wavdength;shifts outward from around 9273 A in the thin 
. sample to 9456 A in Ihe thick sample, and the F WHM :increases ifrom 374 A to 609 A. 
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above in Figure 7. 
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1.3 Bulk p-type GalnA^N Material PrppertiesriEnergy-gap, Minority Carrier Lifetime, 
and Doping 

As demonstrated by the PL spectrum shown in Eigure 2, we have proven the. feasihiHty of 
growing p-type GalnAsN with a measiiraible shift in energy-gap and a.reasonaMe PL Intensity 
during our ^Phase j :effbrt^ In a Phase II effort, we intend to further lower the^energy^gap, 
increase the ^minority) carrier lifetime (ive.1PL-infeiisity) and maintain aHgh p-type doping. 
Carbon is the dopant 6f choice in modem GaAs-based HBTs becaus? of its low diffusivity. >Any 
potential ;ad^^tages :Gf using Galn^sN alloys fbr:HB!rs:^^ be accoImpUshed in films which • 
■ arevco-doped withC Although C,;As,^and;N share 4he:same sublattice site, w^ riot expect 
conipdtitibn for the group W^site^ t^ 
well knowrilhatC can^^^^^ 

chemistry, however, can play a rdie iii Mndrang C^iicc^ 

cases,, • ^Historicallyyit hasibeeii i^ry:<iiffic^ . 
Experiinents conducted during flie Phase: I. effort suggestthe addition of MH3 helps offiset the 
reduction in carbon ^th inc^ SIMS analysis of^our NrContaining samples 

indicate the C levels :^are |^eU ^aboye^E^^^ iml^. 'llie obj ective >E)f &e Phase II work wll ^be^tq 
optimize the igrG\^AxQnidi^ to maintain l)oth MghiC concentration :and at Hi^ percentage of 
jeleetrical^ctivation 

We made . dramatic irnprovements^i . 
.measured'by J^L ^over the initials mpn&s -of the Phase I effort. :Ratihe^ <£&it 
bulk structure 'tod the^ g^^ resulted in a two orders of magnitude 

increase in the PL intensity. When icare is t;^n to matcl^ both 'structure and excitation power, 
PL intensities of GaInAsN^ % ^e witMna factor x^f Sof p^typt QaAs samples; 

During Phase 31 ^^ve plan Xo fltfther improve 4hese Tesults. 

We have demonstrated oVer a 120 meV reduction in the cnergy;Tgap of heavily p^pe-GaAs 
layers during our initial Pliase Lworkhy incoiporating bbth In andK^ During our Phase II work, 
we mil attempt to. increase 1^^^ Based upon published 

literature, it should be possible to reduce the energy^gap over 400 meV. As discussed further in 
the next section, any decrease in energy^gap can lower the tum-on voltage of an HBT, The 
techriicail challenge will be to fiirther lower the energy-gap while maintaining. a high doping level 
and minority carrier lifetiine; 
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2.0 Incorporate p-type Gain AsN Layer in ^ia HBT 

5A^le^^-&^ growfli 'of high quality p-type films, is .necessary for high perforinance HBTs, it is not 
sufTicient. Thep-type GalnAsN-films must also fee successfully incorporated into. a full HBT 
'structure. Interfaces between the -^b and the base and emitter layers must be 

perfected, ^e design of the device, stnict^^^ also critical for realizing improved dw^ . 
performance/ Large area device results; iwill be used as a critical charac^^ assess 
miateii^ gualify and device desig^^ 

2.1 Device Design 

ilie basic devices structUit to^^ iised.|or exploring 

shoAvn in Figure 9. Thie ^structure consists of a GaAsbiiff^ . 
and collector layers, ai^GO A^C-dqped^GainAsN wide band ^gapInGaP emittei-, and. 

GaAs and InGaAs enutter contact layef^^ AS discussieij fi^ in Ihe next section, 4he use of :a . 
wide energy-gap ;einitter is cntical for achieving $tate-of-the-art device performance. Winh 
GaAs emittesrs ^could be used to demonstrate HBT de^ 

leveii;thelpwer energyrg^ of GaAs;^^^ , \ 

device performance^ inaJdng the devices iUtismtaMe fpf ied iife:ap)lications. ^liGaiPHs ^chosen . 
for the-eniitter iayer^oyeiv AJGaA^:^ of its lower^conduction band discontinuity with GaAs. 
it is much easier ^to eliniinatiS'ihe ing) spike on collector ^cun^ent using 

IriGaP m;the e^ is reduced using 

GalnAsN, the conduction band spike will becJoine^^ 

boiJi the:^hiittes^ collector-base interf^ Thin transitional /layers on both ^^^^ . 

base layer are ibxiilt into the showti:iiiMgure'9 1^ contrdhthe cohiducfibn 

'bandispike/prdbieni','* ; . • " " . , \ 

Ilieiinportance ©f cbntrdlling the conduction^baiid spike to achieve the. lowest possible turn-on 
vdltage:is illustrated in Figure IQ^ Mgure 10 dejucts the^^G 35% 
Al6:35Gao.65As/GaAs HBTs ;aiid an InGaP HBT; In one t)f &e Aio.35Gao,65As/GaAs HBTs, the 
emitter-base interface is unoptimized. inlhis case, a:l base- 
emitter interface drastickily reduces ihe ■cQHector cxot other Alo.;350%);65As/GaAs 
the emitter-base interface is optimized, and the "collector current has been increased by an order 
of magnitude. Kfote.this reduction in the base-emitter interface has been achieved v^dthout 
sacrificing other device characteristics such as^^e low bias base. current. The? collector current 
of the Optimized AlojsGstoisAs/GaA? HBTs overlaiy.s the collector current of an IriGaP/GaAs 
HBT with the same base sheet resistance'. The col jector current of these devices is limitedby the 
energy Tgap of GaAs. 

The Use of GalnAsN base layers, in GaAs-based HBTs .also enables more advanced device 
structures. Graded-base HBTs have long been advocated as a device design beneficial for 
improving the RF performance of HBTs,[l 1]. A graded base introduces a quasielectric. field 
wMch reduces the base transit time. Specifically, the quasielectric .field adds a drift component 
to minority carrier transport which pushes electrons towards the collector in a npn HBT (Figure 
1 1 ) . Thus, for a fixed base: thickness and doping level (yielding a desirably low base sheet 
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Figure 9: Schemaitic of proposed GaAs-based HBT using a lattice-matched GalnAsN base. 



15 



Low- Voltage GaAs-Based HBTs: Phase II STTR Proposal 



1;00E^-l 




Figure lO^Oximm plots &om large area devices (75.vj^^ x 75 ^ni) on ^hree; samples witli, 
differerd emitter strucrtw 

.coliectorciirrentdfth^^ AldaAs strjictoesisa^ 

lower than in ae;^ InGaP^eniitter stoictw^ ;ilie;base current x)f ih^ 

thi^eiemitter ste isi^omparableat low Has/but the fease current 
emitter stkcto is lower at Mglr Mas. The base 
Avhere neutral fea§e recombinatidn^dorm ; : 



resistance), the base transit tiirie can beincreased by using a graded base. 13he enhanced 
peirforniance of such :gra^^^ sWjcttoesiMs beenieinonstrated^ [12]. 
Howbver, thiSi^evice-design has not^^een^^ 

problems. psing;MGaAs ;to :grade;l3^ layer energy-gap.redupes hole confinement anci^t ends, 
to ^Gwer mater ial:quality:r#a^ fCj^i^?, whit^^pan §ot performance 
and :the^ipn;grterm reliabilil^^^d^a^ \Gradea%dnA^^ ^nto flie 

device:stniMiri5^ 

difficultydn achieving high p-type doping in CJalnAs using C as the dopant has also serious, 
limited the application of graded-base structures; By ramLping both the in and^N 
GalnAsN could be used to grade the base layer without introducing strain into the device. As 
discussed earlier, we have been^able to grow GalnAsN films with high C levels during our Phase 
I work. :Mteraatively, In-free GaAsN layers could be used to grade the base; While this 
introduces strain, /(be energy-gap bf GaAsN falls miich ;mbre,rapidly than GalnAs for a given 
level of lattice-mismatch. Our calculations suggest that a. graded GaAsN base layerwifti 
significant energy-gap grading could be grown while keeping the critical tWcfcness:^^^ A, 
a typical base layer. iMckness for GaAs-based.HBTs. 
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A number of possible additional benefits could arise from using GaAsN alloys in the base of . 
GaAs-based HBTs/'StrainediGaAsN HBTso^ up the possibility of a device design nc)t^ 
available mlh strained InGaAs IJi^^ 

flie (nap Mentation, the 'strained vlayer gives rise to a piezoelectric field [1 33.:.;Ofceiii a-graded 
base structure, the. field produced ^3y -the jriezpeiectric effect can be used to accelerate minority , 
carriers across the base day er, ^ However, in an HBpwith anSnGaAs base in a standard emitter- 
up configuration, ^e piezoelectriciield^ctuall^ to the cdlleetor. . 

Since-iGaAsN is Pensively ^sfrmned'to <jaAs instep of compressively .strained^' the: piezoel ectri c 
.field is reversed, and eiectrpritranspo^r^ Thus the same advantages of the gradedr 

base structure could 5be aclueved by growirig a simple uniform GaAsN base on a ( 1 ;1 1 j)B GaAs 
•substrate, .' ■ - 

In addition 1:0 enhanced IIF peiferniMce, Ga^^ a ;graded^£tse structure ca^ 

improyevflie overall Gharacteristics:of sm^l area deyices^ :G^s is \yel| Jaiown to haveiiaige 
st^cie f ecomW^ of^uSfece^staftes \^ pear 

Ihe^irud^gap. As device area^dec^^^ at the 

surfiace of the base lay er e)q?osed'^^ can degrade 

perfbiiiiance. I^o- overcome ;ffiis;prqhlem^^ ' 
passivating material around ^hepenme^^ has. 
. also ibeen ^hown that structures with a h^ ttie^base cxan ^also iniprDV^ small 

area; device perfarmance withoiit the mse::0f a ledge p4] • . The electric field accelerates minority 
carriers away fioaii &e top of Ite coliectori Sipce ffieSenni-level^f a G0J 

'sitrface is repotted tof -be unpinned,'Sie-.additionMH^ t^^ the i^ase^of a^strfeied or graded4)ase 
HBT may. further reduce surface recombination effects, ^e envision ^hat fee iiise ;0f a less . 
•con^^x*Ue<^eless-'ipBX^ \ ..• 

The high mobility and :^ectr6n velocities of OalnAs^b^ employed in InPrbased MBT$ to 
decrease the transit time d^ough the €0^^ Similar 
benefits-coiild %e achieved in GaAs^based HBTs by incorporating. In into the collector, but strain 
eiKectS;S?riousiy limit the implementatioii of this device design. The electronic properties ,of n- 
type-<JalhAsN -iare time;; However: if these films offerany ofthe filecfeonic . 

advantages of GalnAs over GaAs, implementation into an HBT structure would be straight 
fbrward.due.to ihe-iaittiee^malchm 
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figure 11: ;^Gomparison of the luibiased energy-gap \^rsus position diagrams of (a) jgraded-base 
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Figure 12: Representative cross-section of a small area HBT in which the left side of the emitter 
mesfa employs a passivating ledge but tie right side does not. 
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2.2 Large Area Device Analysis 

At Kopin, we/rely -heavily vori using, the characteristics of large area HBTs to a$sess .the piroperties 
of the epitaxisd layers. After examining large area device . characteristics from a great number of 
structures grown under a fairly wide ^ange of ;Conditions, we^have leamed a good deal.;about the 
relationship between material properties «and device dharacteristics. By .^alyzing thevGummel 
plots of a ieyioe, we can gaii^ge the quality of the baSe lay er, the :nature of the emitter-^base 
interface, and -the properties of the wide energy-gap emitter. Below we describe the basics of a 
model we use to help analyze deyiceiesults and relate this modd 
performancethat we expect to see y/hkn liie \energy-gap of the base lay er is reduced. 

If tiie collector cuirent of an HBTis' gow of carriers across the. 

ernitterrbase junction, the collector current density ;(Jt) could be.:^?gpressed as: 

where is the intrinsic carrier concentration in the base, D« is tbe electron diffusivitjs andjib and 
Wb lare doping and thickness of tbe base lay erXl;5], Solving for Ybe we^et 

Typically, we define the; tum-on voltage to be the-Vbc^ the coUeptor current reaches a 
fixed valiiei(lE-4 Aon a.75.c)Hnx 75 :|am device = l;789^cm^); RememberSng:that t}ie base 
sheet resistance (Rsbase) is defined as: 

R,base = [q^ipbWb]•^ 

and that the intrinsic doping level can be related to the base layer energy rgap i^gb) 

ni^ = Wv^exp.(-Eg^^ 

where Nc and K are the effective density of states in ibe condxictiori and valence bands in the 
base layer, then the above expression for can be related to Rjbase : 

Vbc ^ Egb/q - (kT/q) te[q^MmD„ / J.] - (kTA5)ln|lU)ase] . 

In practice, the collector current is frequently limited by a conduction band spike at the base- 
emitter interface which causes the Vbe to be higher than in the diffusive limit describe above. 
Figure 13 shows the variation in tum-on voltage (Vbc@Jc=i78 A/cm^) with R^base from both 
unoptimized AlGaAs and InGaPHBTs. The Yte of the lnOaP HBTs nicely follows the natural 
logarithm dependence on R,base described above, w^hile the Vbe from the AlGaAs HBTs is higher 
and does not fit the natural . logarithm dependence as well. Examination of the reverse Gummel 
plots from these devices indicate that the conduction band spike is limiting the collector current 
in the AlGaAs samples but not in the InGaP samples. Also shovm in Figure 1 3 is the expected 
Vbe dependencies in the diffusive limit as the base layer energy-gap is lowered in 50 meV 
increments. 
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Figure 15: Tum-on vdtage as a fimcdon of baseisheetl^^^^ 

HBis (squares) and InGaPy^As HBTs.'(eifcles), Also shown. are least squaresifits the data 
using a logarithmic iunction^see text)/as we HBTs in 

^v^ch the ener^^ 



Ilie base" ciirren^^ 

inckiding space charge recombination, neiitral base recombination, and reverse hole injection 
[15]. Each of these coinponents.ha^a^^^ Space- charge, recoinhihation is 

a so called n=2 process which occurs predominately within the emitter laypr when theibase is 
heavily .doped, andjs dependent imiflly pn the^energy gap and tr^ density in ;^he^ 
The^heuti^;base reconlbinatioh to the collector current via base 

thidcness, minority earner lifetime, and average electron velocity :[ 1-6]. Reverse Jiole iiy ectioii is 
an n=l process and is related to the energy^gap of the emitter.and the doping kvelsin the emitter 
and base layers. T5ie relative magnitude of the ihree liaise ^^^c . 
bias in a typical GaAs-based device is depicted in Fl 14. Ilie cirdes illustrate tiie coU^^ 
and base currents Som a high gain GaAs-based HBT- with a 25% AlGaAs ernitter and a^base 
sheet resistance of 3.30 Q/D. ITie solid hnes overlaying the device results illustrate the relatively 
good fit of the device model discussed above. The dashed lines are .from the three separate 
components of the base current used in the model At low bias, in Region I, the base current is 
dominated by space charge recombination. In Region II, both space :charge recombination 
neutral base recombination contribute nearly equally to the total base current. At Mgh bias. in 
Region Illi neutral^base recombination dominates. Under some circumstances, when the neufral 
base recombination component is smail or the hole injection component large, hole -injection can 
cause an increase in the overall base current at high bias v^here seifrheating is significant 
(Region IV). 
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. Figure 14: Guinmel plot a^^^ modsl resuks for a represphfalive GaAs-bas^ taken &om a 
large area device {75 ^ x 75 ^m) on-a Alo.25Gao75As/GaA.s HBT wafe the base 

doping (4E19.cm*^):a^ 

of350p?Q/ . ' ^ / . -':'v^ -.^^ 

To determine the impact of lowering Ihe energy-gap oii the i>C characteristics of the HBT, we 
have modeled the;prGjected Gummel plot of a<MnAsN^ with-, . 

Ga^s-biased IfBTs/ ShoAvn in Figure 15 asWfit of the;^colieGtGrand base curreMs ftoiri a typicjal 
AlGa:A:s/GaA:s. HBT. The cpllectpr current is fit by :the e)q5onentiail part of the diode equation, 
and the base cxirrent is fit ^by the three components discussed earlier. -We have^und thisvsimple 
approach does an excellent job; of fitting oxir^^d^^ results on both AIGaAs/GaAs. and ; 
InG^/GaAs HBTs, and the tum-pn A^oltage (¥be @ lOQ mA) is typically ^ouhdi.l 2 The, 
circles in Figure 1 5 represent model- results using #ie same paranieters needed 'to fit |he staindard 
AlGaAs/GaAs HBT except that &e energy gap of the base layer Ms been reduced to 1 .i 2 *eV. 
The tum-pn vpltage is now 0. 80 V. Figure 16 shovvs flie same data as Figure 15 except plotted 
as DG current gain versus collector cun'ent density . Unlike the GaAs HBT, 'the GalnAsN HBT 
is projected to have a nearly constant gain vs. current density. This arises because the space- 
charge recombination component of the base current has been reduced relative to the neutral 
base component. The temperature stability, is also. imprpved because the neutral base 
recombination component has-been increased relative to reverse hole injection. As a result, the 
gain does not rollover: at high current density with the 'GalnAsN base as it does for the istandard 
GaAs-^based device. 
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Figure 16: DC cmrent gain as a function of collector current density extracted from the Guniinel 
plots shown above in Figure 15, The GalnAsN-base structure has a more stable gain and does 
not exhibit the gain rollover typically seen in Alo.25Gao.75As/GaAs HBTs. 
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23 Optimize Iriterface^^ 

While the;grpwth of high for high performance HBT^ is not 

sufficient^ Ilhe p-type films must :also A>e successfully incorpGrated into fa full HBT. structure. 
Interfk^es between Aefease^an^ 
In addition to:the -a^ 

colleetor:iayers, strain icould he an issue. . IM stram can he: eliininated by incorporating ;the 
^cbirect ratio ctffe the ba^(S,^emitter, 

Wdvcollector layers adcteessedv :I)unng oiir Pha^ we have some ■ ; > 

evidence wKch Suggest that N may -be meorporated into the eimtter layer, grown above a N- 
containing base layer. .^;this point, the source :of . this uirwanted^ isjunclear, :It could^be due to 
residual Source gas 

state -aiMi^ion ''pulling" During Phase 11; woi^^ 

condiiCte?q)OTMent^ 

emitter :and emitter coiitactila^ ' v , ' 

3v() Demoristraie SiD^ 

While large :area: devic^ resultsican be^^sed to evahia^^ 
■ of the^evice^striicture; small a^^ mustbefkbiicated toi^ultimate^^^ 

device parameters critical for circuit performance - namely E>C properties, RF-characteri sties, 
and long-term}device ;reliab^ 

iiased HBI^s%^^ iieed :to passi vate Ahe^dges pf where recombiriation currents 
canibela*^; sHc^e^^ area devices are necessary for rpffizing^high fr^ 

■:3i^&CFr(>perties \. 

The BG properties of small area devices can diSer from large area devices . in several iriiportant 
ways . - Base current components originating in the perimeter region around the emitter mesa . 
which have negligible" effecte Mlarge^area devices can be^dominant coi^onente in smd^^ area 
devices: Also, sriiaH area.devices.can be driyen to much higher current densities! It will be 
important to demonstrate a de<^ease in the tb^i-oh voltage nptonly at the relatively low 
current densities probed by large area devices;, :but.also at the higher currentdensities^fbund in 
the smalt area devices necessary for " . 

The temperature stability of the DC current gain is anoflier important parameter effecting both 
analog aiid digital circuit performance. The peak DC current gain of standard GaAs-based HBTs 
drops witii increasing temperature. TMs decrease in DC cuitent gain can be mddeied:as resulting 
froni- an increase in the hole injection relative to other %ase current components such as neutral 
base recombination [17]. As discussed earlier, the increase in collector current resulting from a 
lower base energy-gap will increase the neutral base recombination component of the base 
current and effectively suppress reverse hole injection. As a result, we anticipate the temperature 
stability of the peak DC current gain to improve by using GalnAsN in the base layer of a GaAs- 
based HBT. 
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3:2 RF Characteristics 

The cutoff &equency . (ft) of ^ HBTs is largely governed by the transit time flirou^^^ 

the base layer and through the space charge region .of the collector [18]. As discussed in .section 
2.1, the use of a GalnAsN base layer enables ^eyeral Jevice structures which can shorten the 
base transit time. The use of a standard base structure 'is not exp 

incorporated into pie' collector Jayer,n--t}^ GalnAsN may impact fi by: lowering the transit time 
through the collector space -charge region; By high base doping level :and hence a 

low base: sheet resistance, the maximum frequency bf operation (fmax) can :also be pptirriize^d. 

Togetiierii and fiiiax w^^^^ 
InGaP^GalnAsN tranMstor. ■ , • 



While device reliability is a complex problem, improving reliability is of fundamental 
importance for gaining a wider acceptance ctf HBTs. ' GaN's. ejdraprdinary ix:)busteess to defect 
densities, :a!5 seen in tiie aiigh;bri^ 

^suggests devices with M ^ciontaiiiingifiinls^m to' defects as traditional III^V 

materials [19].' More importantly, N xioping in GaAs h^ 

pinning, ;.AddingIntd tlie active region of :iasers lias previously been shown to result in 3oiig- 
liyed devices p®] ; "^This ^surprising result was attributed at least in part to dislocation pinning by 
,the In-doped GaAs. : The same paper pre;dicfin^g tbe dislocation ^^^^^^ of hi-dopiiig 

points out that ^^^would be an eveii^^^^ ' 
dislocation pinning io improve device rehabil^ was not ad\^ocai:ed :at ^he time because Iskjoped 
•GaAsMs only ?beeh dem very receiUy^ears; THs ^imsc Il^prcyect provides ;<i^ 

%:st (^pisrtum • V 

Eroni recent rstudies comp InGaP-bas^d HBTs, we.:suspect faoJe^confinement 

may play d rt)ie iiiincreasihg device Teliab^^ {22, 233. In both AlGaAs .and-JnGaf-iemitter" 
structures, the limitingfactor-controliingteliabiHty appears to be an iricrease in the n=2 
components; of the base current. It is speculated that hole recombination in the emitter-base 
space charge region generates tra^ to the increase incase /cuiront. While the conduction 

~ and valance band of fegts be t ween ^QafaAsN-^xHiiGaf;^ — 
gap difference between a GaliiAsl^ ba!se and an InGaP :emitter could possibly be engineered to 
increase" hole confinement; In any event, the relative importance of all n=2 base current 
components will be .effectively suppressed by the increaise in collector current resulting from a 
smaller energy-gap GalnAsN base. 




